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Abstract : As a first step for experiments investigating the
presynaptic characteristics of sympathetic fibers grown
into the denervated hippocampus, we studied the time
course of changes of neurochemical markers in the rat
hippocampus, subsequent to aspiration lesions of the
fimbria-fornix and the overlying callosal and cortical
structures . At various postsurgical delays (1, 2, 8, 24, and
40 weeks), the activity of choline acetyltransferase, the
high-affinity synaptosomal uptake of choline and nor-
adrenaline, and the concentrations of noradrenaline, se-
rotonin, and 5-hydroxyindoleacetic acid were measured
in a dorsal, an intermediate, and a ventral part of the
hippocampus. Levels of all markers were significantly re-
duced shortly (1-2 weeks) after the lesions. However,
whereas the cholinergic (choline uptake and choline ace-
tyltransferase activity) and the Serotonergic (concentra-
tions of serotonin and 5-hydroxyindoleacetic acid) mark-
ers remained significantly reduced for up to 40 weeks,
both noradrenergic markers recovered to near-normal
(noradrenaline uptake) or even supranormal (noradrena-
line concentration) levels, although with clear-cut differ-
ences in the time course and the regional characteristics .
The noradrenaline content reached control levels already
8 weeks after lesion surgery and was about two to three
times higher 40 weeks later, with the most dramatic ef-
fects in the ventral hippocampus. In contrast, high-affinity
noradrenaline uptake reached control values only 24
weeks after lesion and exceeded them only in the ventral
hippocampus 40 weeks after surgery. It is concluded (a)
that hippocampal noradrenaline concentration is a more
sensitive marker for sympathetic sprouting than high-af-
finity noradrenaline uptake and (b) that functional in vitro
studies on hippocampal sympathetic ingrowth appear to
fit optimal conditions in the ventral hippocampus at a
delay of at least 40 weeks after surgery. Key Words:
Choline acetyltransferase-Fimbria-fornix-Noradrena-
line-Rat-Serotonin-Synaptosomal uptake .
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Damage to both the fimbria and the fornix results
in rapid cholinergic, noradrenergic, and Serotonergic
denervation of the hippocampus (see, e.g., Storm-
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Mathisen and Guldberg, 1974 ; Gage and Bj6rklund,
1986 ; Gasser and Dravid, 1987) and, over a longer
interval (several weeks with an onset by 4-6 days
postsurgery), in an ingrowth of noradrenergic fibers
into the hippocampal parenchyma (see, e.g ., Loy and
Moore, 1977 ; Crutcher and Davis, 1981 ; Gage and
Bj6rklund, 1986 ; Crutcher, 1987, 1990) . Such an in-
growth, which has also been described in other brain
regions (Crutcher, 1987 ; Harrell and Parsons, 1988),
is mainly due to a nonregenerative sprouting of periph-
eral sympathetic fibers originating from the superior
cervical ganglia and usually confined to the cerebral
blood vessels, the choroid plexus, and the pineal gland
(Loy and Moore, 1977 ; Crutcher and Davis, 1981 ;
Crutcher, 1987, 1990) . In addition to this peripheral
source of noradrenergic hippocampal ingrowth, central
noradrenergic neurons from the locus coeruleus may
also sprout and regrow into the denervated hippocam-
pus, at least after medial septa] lesions . However,
whereas the contribution of central fibers at most nor-
malize the noradrenaline (NA) concentration in the
hippocampus over a long postoperative period, the
contribution of the peripheral fibers does actually pro-
duce a large overcompensation of this marker (Madi-
son and Davis, 1983) .
It seems that hippocampal sympathetic ingrowth is
both elicited by mechanisms involving an increase of
nerve growth factor availability in the hippocampus
and intimately related to a disruption of the cholinergic
hippocampal afferents (see Crutcher, 1987, 1990) . In
addition to several arguments strengthening the latter
hypothesis (Crutcher, 1987), we have recently shown
that grafting cholinergic cells into the rat hippocampus
partially denervated by fimbria-fornix lesions dramat-
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ically attenuated the lesion-induced increase of hippo-
campal NA concentration (Cassel et al ., 1992), an
increase that is mainly due to sympathetic ingrowth .
Concerning the functional involvement of sympa-
thetic ingrowth, a major part of the investigations has
been focused on the behavioral effects of this phenom-
enon in rats with either septal or fimbria-fornix le-
sions. From these investigations it is known that, under
some conditions and in a manner that seems to depend
closely on the animal's gender, sympathetic ingrowth
may produce either detrimental or beneficial effects on
the cognitive deficits induced by the lesions ( see, e.g .,
Chafez et al ., 1982 ; Crutcher et al ., 1983 ; Harrell et
al ., 1983 ; Harrell and Parsons, 1988 ; Ayyagari et al .,
1991 ) . Thus, as concerns behavior, sympathetic in-
growth might also be of clinical interest because, on
the one hand, recent evidence has shown its occurrence
in the hippocampus of patients with Alzheimer's dis-
ease (Booze et al ., 1993) and, on the other hand,
Leanza et al . (1993) have reported that hippocampal
release of acetylcholine could be affected by experi-
mental manipulations of the catecholatninergic sys-
tems .
Whereas the neuroanatomical changes, the possible
mechanisms underlying this sprouting reaction, and,
more specifically, the role of nerve growth factor in
initiation of sympathetic ingrowth have been exten-
sively studied during the last decade (see Crutcher,
1987, 1990), the functional properties of sympathetic
fibers grown into the hippocampus have been charac-
terized by only a few electrophysiological (Kimble et
al ., 1980 ; Barker et al ., 1984) and some neuropharma-
cological (Morrow et al ., 1983 ; Harrell et al ., 1986,
1992) investigations . To our knowledge, however, on
a more cellular level and, especially as concerns the
presynaptic regulatory mechanisms of NA release by
sympathetic fibers grown into the hippocampal paren-
chyma or of acetylcholine release by spared choliner-
gic fibers, no investigations have been undertaken
so far.
Therefore, our present experiment-as a starting
point for future in vitro studies on presynaptic neuro-
pharmacological characteristics of sprouted sympa-
thetic fibers-aimed at determining (a) the most ap-
propriate postsurgical delay, (b) the most appropriate
hippocampal region, and (c) the most appropriate neu-
rochemical marker for sympathetic ingrowth (NA con-
centration vs . synaptosomal uptake of I'H]NA) . In
rats that sustained aspiration lesions of the fimbria-
fornix, two cholinergic (choline acetyltransferase
ChATj activity and synaptosomal uptake of I'H]-
choline), two serotonergic I concentration of serotonin
(5-HT) and 5-hydroxyindoleacetic acid (5-HIAA)J,
and two noradrenergic markers (see above) were
measured in a dorsal, an intermediate, and a ventral
segment of the hippocampus at postsurgical delays
ranging from 1 to 40 weeks. The cholinergic and sero-
tonergic markers were used as an index for the lesion-
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induced effects ; the noradrenergic markers were used
as an index for sympathetic ingrowth .
MATERIALS AND METHODS
Subjects
The experiment used 58 Long-Evans female rats obtained
from R. Janvier (France ), weighing 74 .0 _- 1 .4 g at the time
of surgery. They were housed in transparent Makrolon cages
(59 X 38 X 20 cm) in groups of five or six, except for
Surgeries . Oneday before lesion surgery and during the next
2 days, the rats were isolated in smaller cages (42 X 26
X 15 cm) . Food and water were available ad libitum . The
colony room was maintained on a 12-h light/dark cycle
(lights on at 7 :00 a.m .) under controlled temperature ( 23°C ) .
All procedures involving animals and their care were con-
ducted in conformity with the institutional guidelines that
are in compliance with national and international laws and
policies (council directive no . 87848, October 19, 1987,
Ministère de l'Agriculture et de la Forêt, Service Vétérinaire
de la Santé et de la Protection Animates ; permission no .
2106 to B.W., no . 2108 to C.K ., and no . 6212 to J.C.C .) .
Surgeries
Operations were performed with the animal under pento-
barbital anesthesia (33 mg/kg, i .p .) after an atropine Sulfate
injection (4 mg/kg, i .p .) . At the age of 30 , 1 days, 31 rats
("lesioned rats") sustained bilateral aspiration lesions of
the fimbria, the fornix, and part of the structures overlying
the lesion site, i .e ., corpus callosum, cingular bundle, and
parietal cortex . Such a surgical procedure is one of the most
frequently used to disrupt the septohippocampal pathways
for both structural and functional studies in rodents (sec,
e.g ., Gage and Bj6rklund, 1986) and results in extensive
cholinergic, noradrenergic, and serotonergic dencrvation of
the hippocampus (Gage et al ., 1983 ; Cassel et al ., 1993) .
For tissue aspiration, which was done at -2.3 mm posterior
to bregma (Paxinos and Watson, 1986), we used a curved
Pasteur pipette ending in a 7-mm-long straight microcap
(Drummond) with an external diameter of 0 .7 mm . As con-
trols ("sham-operated rats'' ) for the lesion-induced effects,
we used 27 rats that sustained a sham operation consisting
of all surgical steps used to perform fimbria-fornix lesions
except aspiration of cerebral tissue .
Neurochemical determinations
Dissection of tissue andpreparation of sirtaptosornes . At
various postsurgicaI times ( I, 2, 8, 24, and 40 weeks) the
rats were decapitated, the brains were quickly removed, and
both hippocampi were dissected free and cut into three por-
tions of approximately equal size, thereby separating a dorsal
(septal pole), an intermediate ("middle"), and a ventral
(temporal pole) segment. According to their septotemporal
level of origin, the Icft and right segments were combined
and homogenized in 3 ml of 0.32 M sucrose (in 2.5 mM
HEPES, pH 7.4) using a Potter-Elvehjem glass-Teflon ho-
mogenizer (7 strokes at 500 rpm) . One hundred microliters
of this crude homogenate was used for determination of
ChAT activity according to the method of Fonnum ( 1975) .
with slight modifications (Cassel et al ., 1993 ) . Another 100-
pl aliquot was mixed with 100 pl of 0.2 M HC10, (con-
taining 250 mg of Na_SO, and 200 mg of disodiurn EDTA/
L) and stored at -20°C for HPI_C determinations . The re-
maining homogenate was centrifuged for 10 min at 1,000
g ; the supernatant was carefully removed by pipetting and
centrifuged again ( 10 min at 17,000 g ) .
Determination u/ high-affinity svnaptosomal uptake. The
pellet of this second centrifugation was carefully resus-
pended in 700 pi of Krebs-Henseleit buffer containing 60
pM pargyline. From this suspension, 375 pl was further
diluted with 1,125 pl of Krebs-Henseleit buffer. Aliquots
(250 p.l) of this final suspension were incubated for -5 min
at 30°C in the presence of either ['HIcholine or I'HINA
(all samples in triplicate) at 50 nM . To correct for unspecific
uptake or binding, parallel samples (duplicates) were as-
sayed in the presence of hemicholinium-3 ([ 3Hlcholinc up-
take) or (+)-oxaprotiline (I 'H]NA uptake) at I p.M . The
incubation was stopped by addition of 4 ml of ice-cold
Krebs-Henseleit buffer (plus pargyline), followed by rapid
filtration through cellulose nitrate filters (pore size, 0.65 pin;
Sartorius, G6ttingen, Germany) and further washing of the
filters (three times with 4 ml of Krebs-Henseleit buffer
Iplus pargylinel) . The filters were dissolved in 2 ml of
ethyleneglycol monoethylether, and radioactivity was deter-
mined by liquid scintillation counting after addition of tolu-
ene scintillator .
HPLC . Tissue concentrations of NA, 5-HT, and 5-HIAA
were determined by HPLC with electrochemical detection
(detector model M 20, pump model 300c ; Gynkotek,
München, Germany) . Each sample (see above) was centri-
fuged, and the supernatant (-90 p,l) was filtered through
0.22-pm-pore-size filters (Millipore) . Twenty microliters of
the filtered supernatant was injected into a C18 reversed-
phase column (ODS ll ; particle size, 5 pm) . The separation
of the different compounds was obtained using a citrate-
acetate buffer (pH 4.1 ; .39.8 mM sodium acetate, 17 .3 mM
citric acid monohydrate, and 86 .7 NM disodium EDTA) con-
taining 80 ml/L of methanol, 6.5 ml/L of ethanol, and 518
mg/L of sodium octane sulfonate. Electrochemical detection
was performed at 0.6 V using a calomel reference electrode.
Sensitivity of detection was 2.5 pg for NA and 5-HIAA and
7.4 pg for 5-HT (see also Cassel et al ., 1993 ) .
Protein content. Protein content was assessed in both the
crude homogenate (used for determination of ChAT activity
and the concentrations of NA, 5-HT, and 5-HIAA) and in
the suspension of synaptosomes, according to the method of
Lowry et al . (1951 ) .
Statistical analysis
The group sizes were as follows: five sham-operated and
six lesioned rats at 1 week postsurgery, five sham-operated
and six lesioned rats at 2 weeks, five sham-operated and
seven lesioned rats at 8 weeks, six sham-operated and six
lesioned rats at 24 weeks, and six sham-operated and six
lesioned rats at 40 weeks. All data were analyzed using an
ANOVA according to a group (sham-operated, lesioned
rats) X delay ( 1, 2, 8, 24, and 40 weeks after surgery)
design . When appropriate, i .e ., when the group or the delay
effects or the interaction between both these factors was
significant, 2 X 2 post hoc comparisons were done using
the least significant difference test (Tallarida and Murray,
1990) .
Materials
-)-[ring-2,5,6-'HINA (59.7 Ci/mrnol) was from NEN
(Dreielch, Germany) . [I- 14 CJAcetyl-Co A (60 mCi/mmol)
and [methyl-'H Icholine chloride (82 Ci/minol) were from
Amersham Buehler (Braunschweig, Germany) . Choline
bromide, hemicholinium-3, and pargyline HCl were from
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Sigma (München) . (+)-Oxaprotiline HCl was a gift from
Ciba Geigy (Basel, Switzerland) . All other chemicals used
were analytical grade from E. Merck (Darmstadt, Germany) .
Aspect of the lesions
From the previous experiments (see, e.g ., Cassel and
Kelche, 1989 ; Cassel et al ., 1991 ), we know that the
surgical procedure used in the present experiment re-
sults in an almost complete destruction of the supracal-
losal component of the septohippocampal pathways
and a transsection of at least two-thirds of the infracal-
losal component of these pathways, as well as a disrup-
tion of the overlying corpus callosum and parietal cor-
tex. These lesions, as they could be examined in our
present experiment during dissection, did not differ
from those performed in our previous experiments (for
details, see Cassel and Kelche, 1989, Cassel et al .,
1991), an observation that was confirmed later on by
the neurochemical determinations .
High-affinity uptake of [;H]choline
Fimbria-fornix lesion greatly reduced the specific
activity of high-affinity ['H Icholine uptake throughout
the hippocampus (Fig . I, left) . The ANOVA showed
the overall group and delay effects as well as the group
X delay interactions to be significant in all hippocann-
pal regions [ F(1,47) = 71 .55 and F(4,47) = 4.01, at
least; p < 0 .01 in all cases] . The 2 X 2 comparisons
showed that the group effect was mainly due to sig-
nificantly decreased choline uptake in lesioned rats as
compared with sham-operated rats at all delays in the
dorsal and the "middle" regions of the hippocampus
and at the third, fourth, and fifth delay also in the
ventral hippocampal region (p < 0.05) . Depending on
the delay, this decrease was between 58 and 82% in
the dorsal hippocampus, between 65 and 82% in the
"middle" one, and between 44 and 71 °/n in the ventral
region . The delay effect was mainly due to an overall
increase of high-affinity ['H]choline uptake values
over time in sham-operated rats . In more detail, we
found in all three hippocampal regions that the values
for high-affinity I 'H I choline uptake were significantly
higher at the two latest delays, i.e ., 24 and 40 weeks
after surgery, as compared with the three previous
ones, i.e ., 1, 2, and 8 weeks after surgery (p < 0.05) .
Such a significant effect of the delay was never found
in lesioned rats . Therefore, one can consider the sig-
nificant group X delay interactions as being due to
interdelay variations, which were significant in sham-
operated but not in lesioned rats .
ChAT
ChAT activity was markedly diminished in the hip-
pocampi of lesioned rats shortly after surgery and
stayed at a low level for 40 weeks (Fig . 1, right) . The
ANOVA showed a significant group effect in all three
regions of the hippocampus I F(1,48) = 104.6, 95.0,
and 91 .2 for the dorsal, "middle," and ventral regions,
I . Nc"urmhem., Vol . 65 . No . I . /995
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FIG . 1 . Time course of changes of cholinergic parameters in the
rat hippocampus subsequent to aspiration fimbria-fornix le-
sions . High-affinity synaptosomal [ 3 H]choline uptake (left) and
ChAT activity (right) were determined 1, 2, 8, 24, and 40 weeks
after surgery in the dorsal, intermediate ("middle"), and ventral
hippocampus of rats that sustained a sham operation (0) or a
lesion of the fimbria-fornix (`7) . Data are mean ± SEM (bars)
values . "p < 0 .05, indicating a significant effect of the lesion .
respectively ; p < 0.0011 . There was a significant effect
of the delay only in the dorsal and the ventral hippo-
campal regions [F(4,48) = 3 .7 and 2.6, respectively ;
p < 0.05 1 . Statistical analysis did not show any sig-
nificant group X delay interaction . The group effect
was mainly due to a significantly decreased ChAT ac-
tivity in lesioned as compared with sham-operated rats
at all delays and in all three hippocampal regions (p
< 0 .05) . Depending on the delay, this decrease was
between 52 and 82% in the dorsal hippocampus, be-
tween 65 and 89% in the "middle" one, and between
54 and 74% in the ventral region . The overall effect
of the delay in the dorsal and ventral regions of the
hippocatnpus was due to fluctuations of ChAT activity,
which reached significance but which did not follow
a regular increase over time similar to the increase
described for choline uptake (whatever region was
considered, the comparison between the ChAT values
of the earliest and latest delays never showed a signifi-
cant difference) .
J . Ncmochem! Vol. 05, Nu . 1, 1995
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Concentration of 5-HT
Subsequent to fimbria-fornix lesion, the content of
5-HT was also greatly reduced and stayed at a low
level for the whole observation period (Fig . 2, left) .
The ANOVA showed a significant group effect in all
three regions of the hippocatnpus IF( 1,48) = 39.3,
86 .9, and 72.8 from dorsal to ventral, respectively ; p
< 0.001] . There was neither a significant overall effect
of the delay nor a significant group X delay interaction .
Therefore, the only 2 X 2 comparisons to be worth-
while concern the group effect . These showed that at
each postsurgical delay and in each hippocampal re-
gion, the lesion had significantly reduced the concen-
tration of 5-HT (p < 0.05) . Depending on the postsur-
gical delay, this reduction was between 45 and 96%
in the dorsal region of the hippocampus, between 81
and 94% in the "middle" one, and between 42 and
76% in the ventral one .
Concentration of 5-HIAA
The level of the main metabolite of 5-HT, 5-HIAA
was also reduced, although less evidently, subse-
FIG . 2 . Time course of changes of serotonergic parameters in
the rat hippocampus subsequent to aspiration fimbria-fornix le-
sions . 5-HT (left) and 5-HIAA (right) contents were determined
at the same postoperative delays and in the same hippocampal
regions as for cholinergic markers (see Fig . 1) . Symbols as in
Fig . 1 .
quent to fimbria-fornix lesion (Fig . 2, right) . The
ANOVA showed a significant group effect in the
"middle" and ventral regions of the hippocampus
[ F(1,48) = 36.6 and 37.8, respectively ; p < 0.0011 ; in
the dorsal region, there was only a tendency [F(1,48)
= 3.30 ; p = 0.07] . There was neither a significant
overall effect of the delay nor a significant group X de-
lay interaction . Therefore, the only 2 X 2 comparisons
to be worthwhile concern the group effect . These
showed that at each postsurgical delay and in both the
"middle" and ventral hippocampal regions, the lesion
had significantly reduced the concentration of 5-HIAA
(p < 0.05) . Depending on the delay, the reduction
was between 37 and 71% in the "middle" region of
the hippocampus and between 38 and 52% in the ven-
tral one. In the dorsal region, the concentration of 5-
HIAA was significantly reduced in lesioned as com-
pared with sham-operated rats at the second and at
both last delays (p < 0.05) ; at these delays, the lesion-
induced reduction was ---38% . The 5-HIAA/5-HT ra-
tio, which is regarded as a marker for the turnover
of 5-HT in a given tissue, was markedly increased
subsequent to fimbria-fornix lesion in all hippocampal
regions and during the whole observation period (data
not shown) .
High-affinity uptake of ['H]NA
Although the activity of high-affinity [ 3H]NA up-
take was reduced-at least in the dorsal and "middle"
parts of the hippocampus-shortly after fimbria-for-
nix lesion, this neurochemical marker slowly recovered
with time (Fig . 3, left) . The ANOVA showed a sig-
nificant group effect in both the dorsal and "middle"
regions of the hippocampus [F(1,4ß) = 8.96 and
10.72, respectively ; p < 0.01] but not in the ventral
one [F(1,48) < 1 .0 ; difference not significant] . Also,
in all three hippocampal regions, there was an overall
effect of the delay [F(4,48) = 3.21, 8.89, and 4.22
for the dorsal, "middle," and ventral regions, respec-
tively ; p < 0.05] . In neither region was there a signifi-
cant group X delay interaction . The overall group ef-
fect was due to values of high-affinity [ 3H]NA uptake
that were significantly reduced in all lesioned as com-
pared with all sham-operated rats, an effect that was
essentially present at the three earliest delays (at 1, 2,
and 8 weeks, respectively : dorsal, -45, -80, and
-72%; "middle," -39, -50, and -42%) . Whatever
region was considered, the comparison of the values
found at 24 and 40 weeks showed no significant differ-
ences between lesioned and sham-operated rats, except
in the ventral region at 40 weeks (p < 0.05) . The
overall effect of the delay was due to values of high-
affinity [ 3H]NA uptake that were higher at both latest
delays as compared with the three earlier ones ; this
effect was more consistent in lesioned than in sham-
operated rats (p < 0.05) .
Concentration of NA
In rats with fimbria-fornix lesions, NA content was
reduced only for a brief period and subsequently was
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FIG. 3. Time course of changes of noradrenergic parameters
in the rat hippocampus subsequent to aspiration fimbria-fornix
lesions. High-affinity synaptosomal [ 3H]NA uptake (left) and NA
contents (right) were determined at the same postoperative de-
lays and in the same hippocampal regions as for cholinergic
markers (see Fig. 1) . Symbols as in Fig. 1 .
higher than in sham-operated rats (Fig . 3, right) . The
ANOVA did not show a significant overall group effect
in the dorsal hippocampus, but this effect was signifi-
cant in both the "middle" and the ventral hippocampal
regions [F(1,48) = 11 .36 and 9.63, respectively ; p
< 0.01] . Also, in all three hippocampal regions, there
was a significant effect of the delay [F(4,48) = 9.52,
16.77, and 12.63 from dorsal to ventral, respectively ;
p < 0.001] as well as a significant group X delay
interaction [F(4,48) = 3 .51, 9 .59, and 8.74 from dor-
sal to ventral, respectively ; p < 0.011 . In the "middle"
and the ventral hippocampus, the group effect was due
to NA concentration, which was significantly higher
in all lesioned as compared with all sham-operated rats
(p < 0.05) . The significant effect of the delay reflected
the overall increase of NA concentration over time,
whereas the group X delay interaction indicated that
in lesioned rats, the fluctuations over time were sig-
nificantly different from those found in sham-operated
rats . Regarding the last remark, 2 X 2 comparisons
actually showed that (a) at the second delay (2 weeks
J. Neurochen., Vol. 65. No. l, 1995
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after surgery), the NA concentration was significantly
decreased in lesioned as compared with sham-operated
rats (p < 0.05) in the dorsal and "middle" hippocam-
pal regions (-85 and -55%, respectively), (b) at the
third delay (8 weeks), whatever region was consid-
ered, the difference between lesioned and sham-oper-
ated rats no longer reached significance (dorsal, 1% ;
"middle," 40%; ventral, 15%), and (c) at both latest
delays (24 and 40 weeks), the NA concentration found
in lesioned rats exceeded significantly that found in
sham-operated rats in all three regions of the hippo-
campus (at 24 and 40 weeks after surgery, respec-
tively : dorsal, 49 and 97%; "middle" 55 and 209% ;
and ventral, 42 and 183%) .
The present experiment analyzed the modifications
over time of neurochemical markers for the choliner-
gic, noradrenergic, and serotonergic hippocampal in-
nervations after an aspiration lesion of the fimbria,
fornix, and the overlying callosal and cortical struc-
tures . To quantify the cholinergic innervation, we de-
termined the activity of ChAT-an enzyme that is
localized both in the cell body and in the terminal
region of cholinergic fibers-and the activity of high-
affinity [ 3H]choline uptake, a marker for the density
of cholinergic terminals . Similarly, the activity of high-
affinity [ 3H]NA uptake was chosen to quantify the
density of the noradrenergic terminals in the hippocam-
pus (Storm-Mathisen and Guldberg, 1974), in addition
to the determination of the tissue NA content. Finally,
HPLC determinations of levels of 5-HT and its main
metabolite, 5-HIAA, were used to quantify the seroto-
nergic innervation . High-affinity synaptosomal uptake
of [ 3 H]5-HT was not measured because our previous
experiments showed that, after fimbria-fornix lesions,
this marker yielded a feature that was very close to
that of the 5-HT content ; 5-HT content can be easily
determined simultaneously to the measurement of NA
and 5-HIAA contents in the same HPLC assay (see,
e.g ., Cassel et al ., 1993 ; Jeltsch et al ., 1994) .
In agreement with previous studies (Lombardi et al .,
1987 ; H6rtnagl et al ., 1991 ; Cassel et al ., 1993), most
of the markers showed an intrahippocampal concentra-
tion gradient that increased along the septotemporal
axis of the hippocampus, i .e ., from dorsal to ventral .
Shortly (1-2 weeks) after fimbria-fornix lesions, the
neurochemical markers for the cholinergic, noradren-
ergic, and serotonergic innervations of the hippocam-
pus were reduced in all three hippocampal regions,
with the most dramatic effects being found in the dor-
sal and "middle" hippocampal regions . Over the 40-
week postsurgical period, only a compensation of NA
uptake and an overcompensation of NA concentration
could be observed in lesioned rats . Because Madison
and Davis (1983) have shown that the contribution
of central noradrenergic fibers to hippocampal rein-
nervation could only normalize the NA concentration,
J. Neurochem ., Vol . 65, No . l, /995
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we may assume that the overcompensation of the con-
centration of NA found in lesioned rats is reflecting
hippocampal sympathetic ingrowth .
Cholinergic markers
The lasting reduction of both hippocampal ChAT
activity and choline uptake by hippocampal synapto-
somes after fimbria-fornix lesions is a well-known
phenomenon (see, e.g ., Gage and Bjfirklund, 1986 ;
Gasser and Dravid, 1987 ; Cassel et al ., 1993 ; Jeltsch
et al ., 1994), which therefore does not require detailed
discussion . This reduction allowed us to verify that
the fimbria-fornix lesions indeed induced cholinergic
denervation of the hippocampus to an extent similar
to that described in previous reports (see, e.g ., Gage
and Bjfirklund, 1986 ; Gasser and Dravid, 1987 ; Cassel
et al ., 1993) . A more interesting and much less docu-
mented observation made in the sham-operated rats of
our present study is the significant increase over time
of choline uptake, whereas in the same animals hippo-
campal ChAT activity did not undergo such a fluctua-
tion . Recently, Zahalka et al . (1993) observed a similar
discrepancy in the postnatal development of markers
for cholinergic terminals in different regions of the
rat brain : In the hippocampus, [3H] hemicholinium-3
binding, one possible marker for high-affinity choline
uptake sites, was significantly increased between 30
and 40 days of age, in contrast to hippocampal ChAT
activity, which did not change from day 20 to 65 .
Hence, an increase in choline uptake activity is not
necessarily paralleled by a similar increase in ChAT
activity, and-as suggested by Zahalka et al .
(1993) -the development of the choline transport site
may be regulated independently of the outgrowth of
cholinergic fibers or, within cholinergic neurons, of
ChAT activity .
As concerns the development of the cholinergic neu-
rons in the septohippocampal system, Armstrong et al .
(1987) have reported that in the medial septum and
the diagonal band of Broca of rats, the development
of ChAT-containing neurons began at about embryonic
day 17 and continued after birth over -20 days . What
happens later on? In a study aimed at determining the
sexually dimorphic development of cholinergic en-
zymes in the rat septohippocampal system, Loy and
Sheldon (1987) reported that ChAT and acetylcholin-
esterase activities increased by -V 100-120% in both
the dentate gyrus and Ammon's horn between 18 days
after birth-an age at which the ChAT-containing neu-
rons of the septum are mature (Armstrong et al .,
1987) -and 90 days after birth . Unfortunately, only
the age of our rats at the 8-week postsurgical delay
(86 days) is close to the age of 90 days in the study
by Loy and Sheldon (1987) , and therefore no direct
comparisons of the age-dependent changes of the cho-
linergic markers can be made between both studies .
Nevertheless, and from a developmental point of view,
our observations in virtually intact rats allow us to
underline with Zahalka et al . (1993) that the functional
characteristics or properties of the central cholinergic
neurons do not all undergo similar time courses in their
postnatal development and that this development may
extend, at least in the hippocampus, over several weeks
after birth .
Serotonergic markers
Previous studies have shown that after only partial
septohippocampal lesions, the hippocampus can be
partially reinnervated by spared cholinergic and amin-
ergic fibers, which undergo homotypic sprouting
(Gage and Bj6rklund, 1986 ; Gasser and Dravid,
1987) . However, following extensive lesions of the
fimbria, fornix, and cingular bundle, a lesion paradigm
used in the present experiment, the sprouting of intact
fibers remains rather weak, takes several months to
produce significant effects, and only involves the fibers
coursing through the so-called ventral route (Gage and
Bj6rklund, 1986) . Therefore, it is not surprising that,
although a clear-cut lesion-induced depletion of the
serotonergic innervation of the hippocampus could be
observed, we failed to find a significant attenuation of
the lesion-induced effects on the serotonergic markers .
As was the case for the lesion-induced effects on the
cholinergic markers in the hippocampus, the conse-
quences of fimbria-fornix lesions on the hippocampal
serotonergic markers are well known and extensively
documented in the literature (see, e.g ., Storm-Mathisen
and Guldberg, 1974; Nilsson et al ., 1990) . The reduc-
tion of hippocampal 5-HT concentration and 5-HIAA
clearly reflects that the serotonergic fibers originating
in the mesencephalic raphe and coursing through the
cingular bundle and the fimbria have been disrupted
greatly . Also, as for cholinergic markers, the lesions
produced the most dramatic serotonergic depletion in
the dorsal two-thirds of the hippocampus, an observa-
tion confirming that the serotonergic fibers that course
dorsally, i.e ., through the cingular bundle, the fimbria,
and the fornix, preferentially innervate more dorsal
regions of the hippocampus (see e.g ., Gage et al .,
1983) .
Noradrenergic markers
Before discussing the data related to the lesion-in-
duced effects on the hippocampal noradrenergic mark-
ers, one must emphasize that the noradrenergic param-
eters that we have measured do not solely reflect the
effects of sympathetic ingrowth . Our experiments did
not include rats that sustained lesions and ablation of
the superior cervical ganglia, so that we cannot sepa-
rate the respective contribution of sprouting of central
and peripheral fibers to the changes of the noradrener-
gic markers in the hippocampus. However, from previ-
ous experiments (Madison and Davis, 1983), it is
known that regeneration of central fibers, in the very
best case, only normalizes NA concentration in the
hippocampus after a long postsurgical survival time .
Therefore, as concerns hippocampal NA content, at
least the excess of NA content in lesioned rats as com-
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pared with virtually intact rats can be imputed to sym-
pathetic ingrowth .
Whereas both types of cholinergic and serotonergic
markers remained reduced for up to 40 weeks after
the lesions, the noradrenergic ones, which were also
decreased during a few weeks after surgery, had re-
turned to near-normal (NA uptake) or even had
reached supranormal (NA concentration) levels after a
postoperative survival time of 40 weeks . This recovery
appeared to follow a time course that is at some vari-
ance with that observed in earlier studies based on
morphological characterizations of sympathetic in-
growth . Actually, using fluorescence histochemical
techniques, Milner and Loy (1980) showed that as
early as 9 days following surgery, NA-containing fi-
bers could be found in the outer and middle molecular
layers of the fascia dentata and that, by 4 weeks after
surgery, the number of noradrenergic terminals visual-
ized in the hippocampus had reached a maximum. In
our experiment both NA uptake and NA concentration
showed a continuing increase until at least 40 weeks
after surgery, our latest delay . It is possible, however,
that fluorescence histochemistry is able to detect struc-
tural reorganizations at an earlier delay than the delay
necessary to detect neurochemical and thus more func-
tional alterations . Such a possibility is consistent with
the findings reported by Madison and Davis (1983) .
Using determination of the hippocampal NA concen-
tration to measure sympathetic ingrowth, these authors
found that, after medial septa] lesions, the hippocampal
NA content, which was depleted by -50% shortly
after the lesions, had returned to near-normal levels 4
weeks later, thus at a postsurgical delay at which Mil-
ner and Loy (1980) found the number of hippocampal
noradrenergic terminals to reach an asymptotic course .
However, as in our present experiment, Madison and
Davis (1983) also observed that the NA content con-
tinued to increase during the following 8 weeks to
reach a value twice that in controls . Thus, as the mor-
phological features of sympathetic ingrowth seem to
be stabilized by 4 postsurgical weeks, whereas the NA
content shows continuous increase afterward, it is
tempting to speculate that the structural features of
sympathetic ingrowth are established at an earlier stage
than more functional features of this sprouting phe-
nomenon . Further experiments should allow us to ad-
dress this question .
It is interesting that Madison and Davis (1983) have
compared the effects of sprouting of only central nor-
adrenergic neurons originating from the locus coeru-
leus on the hippocampal NA content and the high-
affinity NA uptake by synaptosomes . They found both
these markers to show a strictly comparable time
course after septa] lesions : Subsequent to a 50% deple-
tion 2 weeks after surgery, NA concentration and NA
uptake reached near-normal values by 16 weeks with
an intermediate value at -65% of control values by 6
weeks after surgery . Our data suggest that such a close
relationship between NA concentration and NA uptake
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does not exist in peripheral noradrenergic fibers grown
into the hippocampus after fimbria-fornix lesions be-
cause 40 weeks after surgery NA content had reached
values exceeding by 120 (dorsal region) to 210%
("middle" region) those of controls, whereas NA up-
take had reached values that exceeded the control ones
by only 6 ("middle" region) to 30% (ventral region) .
Another interesting observation in the present study
is that of obvious differences between the respective
time courses of the modifications of NA uptake and
NA content in the denervated hippocampus . The NA
content reached a near-normal value already 8 weeks
after lesion surgery and exceeded this value by two
to three times at the postsurgical delay of 40 weeks .
Conversely, NA uptake reached a near-normal value
only 24 weeks after lesion surgery and only slightly
exceeded this value in the ventral hippocampus after
40 weeks . The apparent discrepancy between these two
noradrenergic markers is not easy to understand but
may be due to the fact that they reflect functional as-
pects of sympathetic neurons, which may differ from
those of central noradrenergic neurons . Whereas the
NA uptake capacity by synaptosomes may be regarded
as an index of fiber density in the hippocampal paren-
chyma, the NA content might merely reflect the rela-
tive amount of neurotransmitter available in the norad-
renergic fibers . Another explanation for this difference
between NA uptake and NA content might be that
the density of NA uptake carriers in the sympathetic
terminals is lower than in the central axon terminals
originating from the locus coeruleus . Actually, the
sprouted sympathetic fibers have been described as
being "thick, knobby and brightly fluorescent"
(Crutcher, 1987), an observation that may be indica-
tive of a high content of NA but not necessarily of an
equivalently high expression of presynaptic functions
such as, for instance, NA release or high-affinity NA
uptake . Part of our upcoming experiments will be
aimed at examining such issues .
These experiments might, for instance, include de-
termination of both tyrosine hydroxylase activity or
content and 3,4-dihydroxyphenylacetic acid levels in
the perikarya and terminal regions of noradrenergic
neurons . These markers have been shown to reflect
the turnover rate of noradrenergic neurons (see, e .g .,
Boulat et al ., 1990) and thus might allow us to clarify
whether, in our present experiment, the overcompensa-
tion of the NA content in the denervated hippocampus
as compared with a normalization of the high-affinity
NA uptake might reflect differences in the releasability
of the NA pools in the sprouted fibers . Finally, the
most crucial experiments will be aimed at measuring
and comparing the evoked NA release and its modula-
tion in hippocampal slice preparations from both fim-
bria-fornix-lesioned and virtually intact rats .
Conclusions
From our findings, two clear-cut conclusions can be
drawn . First, it appears that the hippocampal concen-
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tration of NA is a more sensitive marker for "sympa-
thetic sprouting" than the activity of the high-affinity
NA uptake carrier on synaptosomes prepared from hip-
pocampal tissue, especially in the absence of control
rats with lesions combined with an ablation of the
superior cervical ganglia . Second, our results also show
that functional in vitro studies, aimed at characterizing
the pharmacological properties of these peripheral nor-
adrenergic terminals, should be carried out with tissue
from the ventral hippocampus after a postsurgical de-
lay of at least 40 weeks . According to the morphologi-
cal features of sympathetic sprouting, especially as
concerns the hippocampal subregions in which it is the
most dramatic (see, e.g ., Madison and Davis, 1983 ;
Crutcher, 1987), it might also be suitable to dissect
further the hippocampus such as to prepare a tissue
that would only include the dentate gyrus and CA4
and CA3 regions of the Ammon's horn .
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